We report here an atomistic study of the mechanical deformation of Au x Cu (1−x) atomic-size wires (NWs) by means of high resolution transmission electron microscopy (HRTEM) experiments.
I. INTRODUCTION
Predicting the mechanical behavior of a strained nanoscale volume of matter is essential for many nanotechnological applications [1] . This has stimulated an intense study of mechanical elongation of atomic-size metal nanowires (NWs) [2] . In this range size (∼1-2 nm in diameter), surface energy plays a dominant role and, factors that are neglected in macroscopic theory, such as size and shape, determine deformation mechanisms. For example, surface energy can induce strengthening and asymmetrical mechanical response [3] [4] [5] [6] .
In addition, the high surface/volume ratio (SVR) may lead to the generation of anomalous helicoidal or tubular nanostructures during deformation [7, 8] .
Alloying or doping are routinely utilized to improve the mechanical resistance of metals (solute strengthening) [9] . However, these manipulations are very difficult to apply to nanosystems due to the huge SVR, which may promote composition gradients, or even the expelling of impurities [10] [11] [12] . In addition, most of our knowledge on metal alloy nanosystem is associated with heterogeneous catalysts, where the use of alloy nanoparticles (NPs) represents an active research field. Nanoscale mechanical deformation of alloys represents a quite complex topic, as the constant injection of elastic energy into the system may be relaxed through a wide variety of structural, physical and chemical mechanisms. We also must keep in mind that the analysis of compositional gradients and segregation in alloy metal nanoparticles in heterogeneous catalysis still represent a question that awaits for a reliable answer. A recent cutting edge study reports the analyses of composition gradients in metal nanoparticles exploiting X ray TEM tomography [13] . A recent cutting edge study reports the analyses of composition gradients in metal nanoparticles exploiting X ray TEM tomography [13] . In this way, this research remains quite challenging, as we must analyze the complex interplay between elastic, electronic and surface energy contributions.
Here, we present a detailed study of atomic structure evolution of Au-Cu alloy NWs following tensile deformation by means of high resolution electron microscopy (HRTEM).
Molecular dynamics simulations were also carried out in order to analyze the dynamics of atomistic processes involved in the nanoalloy physical and chemical modifications.
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II. METHODOLOGY
We have generated metal NWs from alloy bimetallic films (Au x Cu (1−x) (0 < x < 1)) following the experimental procedure introduced by Takayanagi's group [15] . Initially, holes are opened at several points in a self-supported metal lm by focusing the microscope electron beam ( 300A/cm 2 ); in this manner, nanometric constrictions (bridges) are formed between them. Then, the microscope beam current density is reduced to standard operation values (1030 A/cm2) for image acquisition; in this range of beam current density, the HRTEM sample temperature is estimated to be within 300 −350 K [16] . The spontaneous elongation and rupture of the nanowires is acquired using a high-sensitive TV camera (Gatan 622SC, 30 frames/s) and a standard video/DVD recorder. It is important to emphasize that this experimental procedure allows the acquisition of time-resolved atomic-resolution-imaging of NWs with a remarkable quality; nevertheless, it is not possible neither to measure the force being applied nor to control the stretching direction [17] . Usually the NW stretching and fracture occurs with average displacement rates of 0.1-1 nm per second. The worked described here used bimetallic Au x Cu 1−x alloy thin films as initial sample to generate NWs in situ in the HRTEM (JEM-3010 URP 300 kV, 0.17 nm point resolution).
Polycrystalline Au x Cu 1−x lms (30 − 50 nm in thickness) have been prepared by thermal co-evaporation in a standard vacuum evaporator (10−7 mbar). A quartz crystal monitor was used to set the evaporation rate of each individual metal source and, subsequently, to measure the equivalent thickness of the lm. Owing to higher cooling rates associated with the film deposition the bimetallic films are expected to consist of a solid solution with random distribution of gold and copper atoms [18] , what was confirmed by micro-electron diffraction results. To prevent possible oxidation by exposure to ambient conditions, the bi-metallic lms were sandwiched between two (3-nm-thick) amorphous carbon thin layers.
Before generating the NWs, the carbon layers are removed by strong electron irradiation [19] inside the HRTEM. The structural characterization has been performed by means microelectron diffraction (JEM 2100 ARP, operated at 200 kV). In our experiments, the electron diffraction patterns (DP) were acquired from a region of 800 nm in diameter and recorded using a CCD camera (Gatan ES500W) (more details see Figure S1 in the Suplementary Material). We have also measured the chemical composition of synthesized alloy films using
Energy-Dispersive X-ray Spectroscopy (EDS); the Au x Cu 1−x alloy films were supported over conventional molybdenum TEM grids to avoid spurious x-ray signal. In particular,
we analyzed several localized regions inside the initial illuminated area used for electron diffraction studies and, the observed atomic composition variations were within the typical composition error bar ( 5%, using Cliff-Lorimer method without absorption correction [16] ).
Also, the measured compositions were in very good agreement with electron diffraction estimation using Vegards law. However, we have observed significant composition changes when comparing measurements performed in pristine alloy thin films and, after the in-situ formation of NWs (i.e. after intense electron beam irradiation during several hours). It is important to highlight that the electron irradiation necessary to prepare the metal alloy film for a NW study requires a several hours long electron beam irradiation. In contrast, the final NW elongation and rupture processes recorded by the experimental videos last, at most, 3 − 5 minutes at a much lower electron beam intensity (see description of electron microscopy works in Section 1.a of Supplementary Materials); then, it is reasonable to think that no significant chemical composition change occurs during the nanowires imaging study.
In this sense, we have assumed that the final EDS estimated concentration is a good value to describe the NW composition, and it has been used to describe the nanowires.
We have also carried out molecular dynamics simulations to gather deeper insights on the atomistic processes occurring during the alloy NW elongation. A tight-binding molecular dynamics methodology based on the second-moment approximation (TB-SMA) [20, 21] was used to analyze the elongation structural evolution. The theoretical methodology has already been described in detail by Sato et al. [22] ; this approach has proved to be very effective for the study of Au and Cu NWs [19, 23, 24] .
III. RESULTS
The in-situ HRTEM experiments indicate that Au [5, 25] . In these very tiny wires thermal energy at room temperature is enough to recombine these planar faults [5, 26] and, pure Au and pure Cu NWs stay defect free when stretched at 300 K [3, 24] . Concerning macroscopic alloys, it is well known that alloying influences drastically, the elastic modulus and yield strength [9] . On this basis we could expect that, in Au-Cu alloy NWs, energy barrier blocking planar defects should be higher. In fact, we have observed the formation of planar defects at room temperature in some NWs with Au 0.55 Cu 0.45 composition (Figure 2a,b) . Nevertheless, many alloy NWs also displayed defect free structures; this may be associated with subtle local variations of chemical composition inside the alloy thin film or, be even induced during the wire elongation [11] . Figures 2c and 2d show some interesting images of Au 0.20 Cu 0.80 NWs.
Note several darker dots at the NW apexes. This might be associated with the formation of several small gold clusters during the NW elongation (gold atoms are expected to generate darker dots in the images). Accordingly, our video recordings show that these clusters move slowly during the mechanical elongation, suggesting that they may be located on the NW surface (see Supplementary Material (SM)). In fact, several theoretical studies of Au-Cu nanoparticles have predicted the migration of gold atoms to the surface in order minimize surface energy [10, 29] . Certainly, the gold lower surface energy [30] and lower diffusion barrier drive gold atoms migration to the wire surface during the mechanical deformation. Table 1 ). LACs generated from [100] NWs show the tendency to be either pure Au or pure Cu depending on the alloy mixture. In contrast, mixed LACs dominate the occurrence along [111] axis for both studied alloys. Finally, [110] alloy nanowires show a slight tendency to produce pure Au chains, followed by alloyed chains.
In order to understand these simulation results, we must first consider that alloy composition influences NW morphologies through changes in the surface energy of the different crystallographic facets [10] . A gold particle should be a cuboctahedra with regular hexagonal facets (minimal energy planes are {111}) [10] , schema at left in Figure 4a) ), while Cu nanoparticle [33] have a morphology dominated by {100} facets (center and right octahedra in Figure 4a ). In first approximation, an alloy nanosystem behavior must be somewhat in between these two extrema [10] . In addition, as diffusion and migration is enhanced in nanosystems, it is reasonable to make the hypothesis that the wires will have a spontaneous tendency to have composition gradient in the volume and on the surfaces. In particular,
we can assume that {hkl} facets will accommodate more atoms of the chemical species that 
